The composition of organic matter (OM) exerts a strong control on biogeochemical processes 2 in lakes, such as for carbon, nutrients and trace metals. While between-lake spatial variability 3 of OM quality is increasingly investigated, we explored in this study how the molecular 4 composition of sediment OM varies spatially within a single lake, and related this variability 5 to physical parameters and elemental geochemistry. Surface sediment samples (0-10 cm) from 6 42 locations in Härsvatten -a small, boreal forest lake with a complex basin morphometry -7
Introduction 26 27
In lake basins a wide range of factors are known to influence the transport and fate of 28 sedimentary material, such as the location of inlet streams, catchment topography, land-use 29 patterns, fetch, basin morphometry and sediment focusing. Sediment focusing results from a 30 combination of factors such as wind and wave action, basin slope and the settling velocity of 31 different particle sizes, which all contribute to the redistribution of light, fine-grained material rich 32 in clays, organic matter (OM) and associated trace elements from shallower to deeper waters (Blais 33 and Kalff, 1995; Ostrovsky and Yacobi, 1999) . While sediment focusing is important, catchment 34 characteristics and lake morphometry can be complex and exert a primary influence on spatial 35 patterns in sediment geochemistry, such as in relation to land use in near-shore areas (Dunn et simplistic from the perspective of developing insights into the biogeochemical behavior of OM and 50 its influence on C, nutrients and trace metals cycling, and does not take full advantage of the 51 information provided by differences in the OM quality. 52
In boreal lakes the sediment composition is often dominated by OM, typically ranging from 20 53 to 60 % on a dry weight basis, followed by biogenic silica (bSi), which may account for as much as 54 45 % of the sediment dry weight (Meyer-Jacob et al., 2014). The remaining sediment mainly 55 consists of detrital mineral matter and possibly authigenic minerals. Lake OM is an extremely 56 heterogeneous and complex mixture of molecules that are derived from plant, animal, fungal and 57 bacterial residues, and which are either transported into the lake from the surrounding catchment 58
(allochthonous) or produced within the lake (autochthonous). Furthermore, these organic 59 compounds may undergo transformations within the water column and the sediment through both 60 biotic and abiotic processes. Although there have been a few studies where the spatial complexity in 61 OM quality within a whole-lake basin has been assessed using infrared spectroscopy, which yields 62 qualitative information on variations in OM quality (Korsman et In this study, we apply a newly optimized pyrolysis-gas chromatography-mass spectrometry 67 (Py-GC-MS) method to characterize the molecular composition of natural OM in surface sediments 68 (0-10 cm) from 42 locations within the lake basin of Härsvatten, a small boreal forest lake in 69 southwestern Sweden that was previously studied for the spatial distribution of Pb and OM contents 70 (Bindler et al., 2001) . As an analytical tool to characterize OM composition, Py-GC-MS is a 71 compromise between the quantitative, molecular information obtained from wet chemical 72 extractions associated with liquid chromatography (LC)-MS or GC-MS analyses, and the 73 qualitative, non-molecular information provided by high-throughput techniques such as visible-74 near-infrared spectroscopy or 'RockEval' pyrolysis. Beyond the rapidity in terms of analysis and 75 data treatment, our Py-GC-MS method yields semi-quantitative data on >100 organic compounds 76 Nitrogen (N)-compounds), which makes it possible to explore the overall molecular composition of 78 OM (Tolu et al., 2015) . Our objective here was to comprehensively investigate how the molecular 79 composition of sediment OM varies spatially across a lake with several basins. Our specific 80 research questions were: (i) what are the spatial patterns within a single lake for various organic 81 biochemical classes and compounds?; (ii) how does the spatial pattern of the OM molecular 82 composition relate to physical parameters (i.e., bulk density and water depth) and elemental, 83 inorganic geochemistry of the sediment material?; (iii) which factors or processes (e.g., origin, 84 transport way, decomposition) appear to explain the in-lake spatial variability of the OM molecular The basin of Härsvatten can be divided into four general areas (Bindler et al., 2001 ): 1) the 103 main south basin, which represents about half of the lake area (sample sites S1-24; maximum 104 depth, 24.3 m) and includes the lake's small outlet stream; 2) a north basin (sample sites N1-11; 105 maximum depth, 12 m), which includes a small inlet stream draining from the headwater lake 106
Måkevatten that enters Härsvatten through a small wetland; 3) an east basin, which has a maximum 107 depth of nearly 10 m (sample sites E1-6) and is separated from the main north-south axis of the 108 lake by a series of islands and shallow sills (<3 m water depth); and 4) a generally shallow (<3 m 109 water depth) central area separating the north/east and south basins (sample sites M1-6). 110
In total, we analyzed 44 surface sediment (0-10 cm) samples that were collected in winter 111 1997-1998 (Fig. 1) for the study of Pb and SCP (Bindler et al., 2001 ). The freeze-dried samples 112 have been stored in plastic containers shielded from light and at room temperature. Before further 113 analysis in this study, the samples were finely ground at 30 Hz for 3 min using a stainless steel 114
Retsch ball mill. 115 116 2.2 Major and trace elements concentrations 117
118
The concentrations of major (Na, Mg, Al, Si, K, Ca, P, S, Mn, Fe) and trace elements (Sc, Ti, 119 V, As, Br, Y, Zr, Ni, Cu, Zn, Sr, Pb) were determined using a wavelength dispersive X-ray 120 fluorescence spectrometer (WD-XRF; Bruker S8 Tiger) and a measurement method developed for 121 powdered sediment samples (Rydberg, 2014) . Accuracy was assessed using sample replicates, 122 which were within ±10 % for all elements. 123
Total mercury (Hg) concentrations were determined using thermal desorption atomic 124 absorption spectrometry (Milestone DMA80) with the calibration curves based on analyses of 125 different masses of four certified reference materials (CRMs). Analytical quality was controlled 126 using an additional CRM and replicate samples included with about every ten samples. The CRM 127 We also included the OM content (in % dry mass), determined as loss-on-ignition (LOI) after 130 heating dried samples at 550ºC for 4 h in the earlier study of Bindler et al. (2001) . The molecular composition of OM was determined by pyrolysis-gas chromatography-mass 146 spectrometry (Py-GC-MS) following the method developed by Tolu et al. (2015) . In brief, 200 ± 147 10 µg sediment was pyrolyzed in a FrontierLabs PY-2020iD oven (450 ºC) connected to an Agilent 148 7890A-5975C GC/MS system. Peak integration was done using a data processing pipeline under 149 the 'R' computational environment, and peak identification was made using the software 'NIST MS 150 In Härsvatten, 160 Py-products were identified, and peak areas were normalized by setting the 153 total identified peak area for each sample to 100 %. The 160 Py-products were reduced to 41 groups 154 of compounds based on the similarities in their molecular structure and origin (Table S1 Härsvatten are presented in Table 1 and the detailed data are given in Table S2 in SI. The sediments 182 from sites M4 and S15 are two outliers because they have a bulk density (B.D.), bSi, OM and 183 elemental contents (e.g., Na, Mg, Al, K) that deviated by more than four standard deviations from 184 the whole-lake average (Table 1) . Because these sediment samples also contained too little OM for 185
Py-GC-MS analysis, they are excluded from the data analyses and discussion. Even when excluding 186 these two sites, the elemental geochemical parameters vary considerably across the lake basin, with 187 geochemical variable are given and compared to whole lake averages in Table S3 in SI, and Table 3  243 provides the cluster averages for a selection of geochemical parameters. 244
In the south basin, the sediments found at shallower water depth (cluster geo 6; n=10) have a 245 higher B.D., are richer in bSi (negative scores on PC1 geo ; Fig. 2a ) and have lower than whole-lake 246 average trace metal concentrations (Table 1) . In contrast, the sediments from the deeper sites 247 (cluster geo 5; n=3) have the lowest B.D. and lowest bSi content (Table 1) , and are enriched in OM 248 and trace metals (positive scores on PC1 geo ; Fig. 2a ). The sediments found at intermediate water 249
depths (cluster geo 2; n=8) have positive scores on PC2 geo (Fig. 2a) , and they have an OM content 250 within 10% of whole-lake average while trace metal concentrations are above 10% of whole-lake 251 averages (Table 1 ). The south basin as a whole has higher P concentrations than the northern, 252 As (positive scores on PC3 geo ; Fig. 2b and Table 1) . 254
The sediments found at shallow water depth between the north and east basins and in the 255 Härsvatten are presented in Table 2 and the detailed data are given in Table S4 in SI. The 267 coefficients of variation for the abundances of the different organic compound groups range from 268 15 to 106 % with an average of 38 ± 20 %, showing a remarkable in-lake variability of OM 269 molecular composition (Table 2 ). For most of the organic compound groups, the average to median 270 ratios are approximatively 1.0, indicating no extreme values. However, slightly higher values (1.2-271 1.8) are observed for organic compounds derived from plants, i.e. levosugars, lignin oligomers 272 (syringols and guaiacols), n-alkanes C25-35, alkan-2-ones C23-31 and tocopherols. 273
Most of the N-compounds, which usually derive more from algae than from plant (Bianchi 274 and Canuel, 2011), have the highest abundances among the three deepest sampling locations in the 275 main south basin (S12, S18 and S24; 23.5-24. (Table S1 in six principal components (PC1-6 OM ) were extracted, which explain 85 % of the total variance (Fig.  305 3). PC1 OM , which captures 30 % of the total variance, separates organic compounds that are 306 produced during OM degradation (positive loadings), from molecules of plant origin including 307 those that are readily assimilated (negative loadings; (Fig. 3a) . Thus, negative PC1 OM -loadings likely reflect a fresh pool of 323 OM coming from in-lake vegetation. (Fig. 3a) . 330 significantly negatively correlated to PC4 OM (Fig. 3b) . Therefore, PC4 OM reflects OM input from in-342 lake algae and micro-organisms (e.g., zooplankton). (Fig.  349   3c) . Interestingly, the long-chain n-alkanes from plant cell wall lipids do not have positive loadings 350 on PC5 OM . We therefore interpret PC5 OM to relate to OM inputs from the forested catchment, which 351 is dominated by coniferous species. Coniferous trees generally have higher lignin contents as 352 compared to other vascular plants (Campbell and Sederof, 1996) , while they contain much lower 353 amounts of n-alkanes than other plant species (Bush and Mcinerney, 2013) . 
Cluster analysis of OM composition 361 362
As with the elemental geochemistry dataset, a solution of six clusters (cluster OM 1-6) was 363 relevant to represent the data on the spatial heterogeneity of OM molecular composition (Fig. 1d) . 364
Each cluster is associated with one or a few of the OM types that were identified by the PC1-6 OM 365 ( Fig. 3; Sect. 
3.2.1). The cluster averages and standard deviations of each organic compound are 366
given and compared to whole-lake averages in Table S5 in SI. Table 3 alkanes and alkan-2-ones (Table 1 ). The rest of the south basin sites, fall within cluster OM 1 (n=1), 5 382 (n=2) or 4 (n=1), which are described below. 383
The majority of sites in the northern half of the lake group within cluster OM 1 (n=15) with 384 isolated shallower sites falling within clusters OM 3 (n=1), 4 (n=2) and 5 (n=2). The sediments of 385 cluster OM 1 are rich in fresh plant OM coming from in-lake productivity (negative scores on PC1 OM ; 386 Fig. 3a) and have higher values than whole-lake averages for the ratios specific of in-lake vs 387 terrestrial plant OM and of plant OM freshness (Table 1 ). In contrast, the values for these ratios are 388 below 10% of whole-lake averages for the south basin sites, indicating that terrestrial input is the 389 main source of plant OM to the sediments of the main basin of Härsvatten. 390
The cluster OM 5 represents some near-shore locations (n=4), which are enriched in OM derived 391 from the coniferous-forested catchment (positive scores on PC5 OM ; Fig. 3c ). The cluster OM 4 (n=4), 392 which groups shallow sites located close to the lake outlet (south basin, S16) and between the north 393 and east basins (N10 and M1), is characterized by high proportions of degraded, resistant and 394 bacterial OM (positive scores on PC5 OM ; Fig. 3a) . Two shallow sites of the central area (cluster OM 395 6; n=2) show an enrichment in aliphatic molecules derived from plant cell wall lipids (negative 396 loadings on PC3 OM ; Fig. 3b ). Both clusters OM 4 and 6 have values for the ratio indicative of in-397 lake:terrestrial plant OM above 10% of the whole-lake average, while the values for the ratios 398 specific of algal vs plant OM and of algal and plant OM freshness based on N-compounds and 399 carbohydrates composition are below 10% of whole-lake averages (Table 1 ). Cluster OM 6 differs 400 over different timescales. We know from the developmental work for our Py-GC-MS method using 408 annually laminated sediments that there are transformations in OM composition within the 409 uppermost few cm, i.e., the first few years following deposition (Tolu et al. 2015) . Thus these bulk 410 sediment samples provide initial insights into the spatial variability in molecular OM composition 411 within a lake basin resulting from longer-term sedimentation processes (including those within the 412 sediment) reflecting years to decades. 413
The distribution of both clusters geo and clusters OM within Härsvatten shows a similar general 414 pattern ( Fig. 1c and 1d) OM, while the sediments from deeper sites (cluster OM 2) are enriched in fresh algal OM ( Fig. 1d;  448 Sect. 3.2.2). Although our results are based on the top 10 cm of sediment and thus account for 449 different sediment ages, we suggest that the higher proportions of decomposed algal material, based 450 on N-compound and chlorophyll composition (Table 1) In the northern half of the lake, 11 of 19 locations fall within cluster geo 1 (Fig. 1c) , which 482 distinguishes itself geochemically only by somewhat lower than average concentrations of elements 483 often associated with (oxy)hydroxides (i.e., Fe, Mn, As, P and Co; Table 1 Swedish lakes, such as the nearby lake Gårdsjon (Andersson, 1985; Grahn, 1985) . Benthic aquatic 497 vegetation is also favored in the northern half of Härsvatten by the more gentle slopes, 498 comparatively shallow water depth and thus greater availability of light than in the deep, steeper-499 sloped south basin where allochthonous input appears as the main source of plant OM (Sect. 3.2.2; 500 Table 1) . 501
The sediments found across the north and east basins and at the deeper sampling site of the 502 central area (clusters OM 1; Fig. 1d ) have the highest proportions of fresh, labile plant OM 503 considering the whole lake (Sect. 3.2.2; Table 1 ). Also, the proportions of fresh, labile algal OM is 504 as high as in the deeper anoxic sediments of the main south basin and two times higher than in the 505 sediments found at shallow water depth in the south basin and central areas, although these sites 506 span the same depth range (3-11 m) and have relatively similar bSi contents (Table 1) lower than whole-lake average concentrations of elements or elemental ratios often associated with 513 (oxy)hydroxides (i.e., Fe, Mn, As, Co, P contents and Fe:Al) in these epilimnitic/metaliminitic 514 sediments (cluster geo 1; Table 1 ). Our interpretation is consistent with laboratory experiments, 515
where, for example, Kleeberg, 2013 had shown that inputs of macrophyte residues to sediments 516 results in oxygen depletion and microbially mediated reduction of Fe and Mn oxides. 517
The shallow sites located between the north and east basins and between the central area and 518 the south basin (i.e., cluster geo 3 and clusters OM 4 and 6; Fig. 1c and 1d ) have higher than whole-lake 519 averages bSi contents and values for the ratio in-lake:terrestrial plant OM, suggesting that these 520 sediments receive plant OM from in-lake vegetation and algal OM from benthic production ( Table  521 1). However, the proportions of fresh, labile plant and algal OM based on N-compound and 522 carbohydrate composition in these central sediments are much lower than in the sediments found 523 across the north and east basins (Table 1) . Probably, these central areas are not sites for aquatic 524 vegetation growth, but receive in-lake plant OM produced within the north and east basins that has 525 been degraded during transport and/or is degraded at these shallow central sites due to more oxic 526 conditions as suggested by a higher occurrence of Fe and Mn (oxy)hydroxides (Fe, Mn, As, Co, and 527 P contents, Fe:Al and Mn:Fe above 10% of whole-lake averages; Table 1 ). Among these shallow 528 central sites, two locations (cluster OM 6) are specifically rich in plant lipids (i.e., C23-35:0; Table S3  529 in SI) and have high proportions of fresh plant OM based on lignin composition (Table 1) . This 530 suggests preservation of plant cell-wall lipids and lignin with respect to carbohydrates at these two 531 shallow sites, in agreement with the known faster assimilation of carbohydrates versus lipid and 532 lignin structures (Bianchi and Canuel, 2011) . However, no reasonable hypothesis could be given to 533 explain this difference in OM molecular composition between the sediments at sites M5-6 and the 534 ones at sites N10 and M1 given their similar water depth and elemental geochemistry. 535
The sediments found in a small number of near-shore locations (cluster geo 4 and cluster OM 5) 536 predominantly accumulate OM derived from the coniferous-forested catchment and have high 537 significantly within a single lake system in relation to basin morphometry, lake chemical and 550 biological status (e.g., presence of macrophytes, which is influenced by, e.g., acidification) and the 551 molecular structure/properties of the different OM compounds (e.g., higher resistant of 552 allochthonous versus autochthonous OM upon degradation). Our results further show that it may be 553 problematic to extrapolate data on OM composition from only a few sites or one basin when scaling 554 up to a whole lake. Thus, investigating sedimentary processes and the resulting fate of C and trace 555 elements using sampling strategies focused on the deepest area of a lake or on single transects from 556
shallower to deeper sites, may not fully capture the variation in either elemental geochemistry or 557 OM composition. 558
Overall, this study underlines that the OM molecular composition and its spatial heterogeneity 559 across lake are two factors that should be considered to better constrain processes involved in the 560 fate of C, nutrients and trace metals in lake ecosystems, to improve whole-lake budgets for these 561 elements and to better assess pollution risks and the role of lakes in global elemental cycles. 
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